RNA hairpin helices whose sequences are based on the acceptor stems of alanine and histidine tRNAs are specifically aminoacylated with their cognate amino acids. In these examples, major determinants for the identities of the respective tRNAs reside in the acceptor stem; the anticodon and other parts of the tRNA are dispensable for aminoacylation. In contrast, the anticodon is a major determinant for the identity of a methionine tRNA. RNA hairpin helices and hybrid duplexes that reconstruct the acceptor-TlWC stem and the acceptor stem, respectively, of methionine tRNA were investigated here for aminoacylation with methionine. Direct visualization of the aminoacylated RNA product on an acidic polyacrylamide gel by phosphor imaging demonstrated specific aminoacylation with substrates that contained as few as 7 base pairs. No aminoacylation with methionine was detected with several analogous RNA substrates whose sequences were based on noncognate tRNAs. While the efficiency of aminoacylation is reduced by orders of magnitude relative to methionine tRNA, the results establish that specific aminoacylation with methionine of small duplex substrates can be achieved without the anticodon or other domains of the tRNA. The results, combined with earlier studies, suggest a highly specific adaptation of the structures of aminoacyl-tRNA synthetases to the acceptor stems of their cognate tRNAs, resulting in a relationship between the nucleotide sequences/structures of small RNA duplexes and specific amino acids.
Although nucleotides scattered throughout the threedimensional structures of transfer RNAs have been implicated as important for recognition by aminoacyl-tRNA synthetase (1, 2) , much emphasis has been placed on interactions with the acceptor stem (3) (4) (5) (6) and, additionally or alternatively, the anticodon (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . These elements are located in the two distinct domains of the L-shaped tRNA structure. In the cocrystal of Escherichia coli glutamine-tRNA synthetase with tRNAGIn (15, 17) and also of yeast aspartyl-tRNA synthetase complexed with tRNAASP (16) these tRNA structural elements are in contact with distinct domains of the protein. A similar segregation of acceptor helix-anticodon interactions is proposed to occur in the complex of E. coli methionine-tRNA synthetase with tRNAMet (18) . Although there is no crystal structure for E. coli alanine-tRNA synthetase, RNA footprinting revealed that the anticodon does not contact the bound protein (19) . In this system, an acceptor helix G3-U70 base pair is a major determinant for recognition (3) . RNA minihelices and duplexes that reconstruct part or all of acceptor-TTC or acceptor helix are aminoacylated with alanine, provided they contain G3-U70 (5, 20, 21) . Specifically, the exocylic 2-amino group of G3 in the acceptor helix projects into the minor groove and is essential for interaction with alanine-tRNA synthetase (22) .
Similarly, small hairpin helices that correspond to the acceptor stem of E. coli tRNAHis are aminoacylated with histidine (6) . Aminoacylation requires an extra (G-1) nucleotide that is unique to histidine tRNAs and results in an extra base pair (with C73) that extends the acceptor helix. Addition of the G1C73 base pair to an "alanine" acceptor stem helix transforms the helix to a histidine-accepting substrate.
Alanine-and histidine-tRNA synthetases are examples in which the anticodon and other parts of the tRNA are dispensable for aminoacylation. For methionine (9, 12, 23) , valine (9, 12) , isoleucine (8, 12) , arginine (10, 24) , lysine (24) , phenylalanine (11, 12) , glutamine (14, 15) , aspartic acid (13, 16) , and threonine (25) tRNAs, anticodon substitutions severely impair aminoacylation. The switching of anticodons between certain of these tRNAs is accompanied by a corresponding switch in aminoacylation specificity. However, as a possible example of the significance of acceptor helix interactions in the methionine system, Meinnel et al. (26) selected for mutations in methionine-tRNA synthetase that compensate for an anticodon mutation in tRNAMet. Among others, mutant enzymes with substitutions at one of two positions that are distal to the anticodon binding domain were isolated. These substitutions are located in the domain for adenylate synthesis, which is also believed to interact with the acceptor end of tRNAMet (27) .
With these considerations, a series of sequence-specific small RNA helices were investigated for aminoacylation with methionine. A low but reproducible aminoacylation rate was detected with RNA hairpin helices and duplexes that have sequences derived from the acceptor stem of tRNAMet. These
[35S]methionine aminoacylated products were directly confirmed by visualizing the labeled RNA substrate on an acidic polyacrylamide gel. The results appear to reflect a specific adaptation of the structure of methionine-tRNA synthetase to the acceptor end oftRNAM"t that is in itself sufficient to achieve a Michaelis complex and transition state for aminoacylation.
MATERIALS AND METHODS RNA Synthesis and Aminoacylation Reactions. Enzymatic synthesis of RNA substrates (20, 28) with purified T7 RNA polymerase (29) and chemical synthesis of RNA (21, 30, 31) were carried out as described. The aminoacylation reaction mixtures contained 20 mM Hepes (pH 7.5), 100 /LM Na2 EDTA, 150 mM NH4C1, 100 ,ug of bovine serum albumin per ml, 4 
RESULTS
Design of Substrates for Aminoacylation. Fig. 1A displays the sequence and cloverleaf structure of E. coli tRNAMet Proc. Natl. Acad. Sci. USA 89 (1992) (elongator species) and of minihelixMet, which is composed of the 12-base-pair acceptor-TPC stem-loop. The minihelix substrates were produced by transcription of DNA templates with T7 RNA polymerase (5, 6, 20, 28) . The elongator rather than the initiator tRNAMet sequence was chosen because only the former starts at the 5' end with a G, which is the preferred initiating nucleotide for T7 RNA polymerase (29) . Fig. 1A also shows the bases that are conserved between the initiator and elongator tRNAMet. Variants of minihelixMet were synthesized to determine the importance of some of the conserved bases. The C2-G71, G3-C70 variant alters two conserved base pairs. The double mutation was further dissected into two separate single base pair mutant minihelicesMet, C2-G71 and G3-C70. The C73 substitution changes the socalled "discriminator" base that was one of the first sites in the acceptor stem proposed to be important for synthetase recognition (35, 36 ). Other minihelix substrates tested include minihelixAla and minihelixHis; each is specifically aminoacylated with its cognate amino acid (5, 6) . Fig. 1B illustrates a series of hairpin microhelix substrates, which are composed of a 7-base-pair acceptor stem. With the exception of microhelixAla, the acceptor stem RNA strands are connected by the sequence of the TTC loop. The loop of microhelixAla contains the sequence that corresponds to bases 8-13 in tRNAAla (5) . MicrohelixPhe and microhelixGlu were enzymatically generated by using T7 polymerase (28) .
A. *:
: . . . . Fig. 1 was investigated for aminoacylation with methionine.
MinihelixM't Is a Substrate for Methionine-tRNA Synthetase. The current methodology for analyzing aminoacylation uses a trichloroacetic acid precipitation of the amino acidlabeled RNA onto filter pads. However, in the presence of some, but not all, RNA species we found that methioninetRNA synthetase covalently reacts with methionine; the radioactive enzyme coprecipitates with the RNA and introduces erroneously high, apparent levels of aminoacylation. The relative contribution of this event is particularly high when the aminoacylation rate of methionine is slow as described in this investigation.
A second method of detection of aminoacyl RNA was developed by using a 10 mM NaOAc, pH 5.5/8 M urea polyacrylamide gel, which separates the charged RNA substrate from [35S]methionine-labeled enzyme and free [35S]methionine during electrophoresis. The acid gel enhances the lifetime of the covalent link between the amino acids and provides direct visualization of the charged RNA. An acid gel was used to examine the recognition of the minihelix substrates by methionine-tRNA synthetase. Minihelices that model tRNAMet, tRNAAla, and tRNAHiS acceptor-TTC stems were compared. Fig. 2 shows two representations of the acid gel, one that was analyzed by UV shadowing and one that used the [35S]methionine for phosphor imaging. The UV shadow demonstrates that RNA is present in comparable quantities in all of the gel lanes. However, the only band that is radiolabeled after a 2-hr incubation with methionine-tRNA synthetase is that of minihelixMet, indicating that methionineMet Ala His 0 2.5 2. tRNA synthetase efficiently discriminates between the acceptor-TTC stem-loop of tRNAM t, tRNAA a, and tRNAHIS. A slow aminoacylation rate of minihelixMet by methioninetRNA synthetase was also observed by trichloroacetic acid precipitation ofthe aminoacyl RNA onto filter pads, followed by scintillation counting (data not shown). The reaction was linear over the entire time course for up to at least 8 hr. Under the same conditions with minihelixAla or minihelixHis, no aminoacylation with methionine was detected. A preliminary analysis of the dependence of the rate of aminoacylation on the concentration of minihelixMet suggested that the Km for minihelixMet is >200 ,uM. The high Km makes it difficult to obtain accurate kinetic parameters. We estimate that kcat/Km for minihelixMet is reduced by 6-8 orders of magnitude relative to the rate of aminoacylation of tRNAMe,. This corresponds to a difference in the operational free energy of activation AGOt a -RTln(Vmax/Km) for aminoacylation of tRNAMet versus minihelixMet of 8.4-11.2 kcal mol-1 (1 cal = 4.184 J).
Four sequence variants of minihelixMet (see Fig. 1A ) were investigated by the acid gel separation method to further study the sequence specificity of aminoacylation for bases conserved between the elongator and initiator species of tRNAMet (Fig. 3A) . A UV shadow of the gel was obtained to ensure that minihelix was present in all of the lanes (data not shown). The double transversion G2-C71, C3-G70 -* C2-G71, G3-C70 essentially abolishes aminoacylation, suggesting a role for these conserved base pairs in the recognition of minihelixMet. The amounts of aminoacylated products for the single base pair C2-G71 and G3-C70 mutant minihelices were significantly reduced compared to wild-type minihelixMet.
Another variant, C73 minihelixMet, has an A73 --C73 transversion of the discriminator base, resulting in at best a trace of aminoacylated product. An A73 -* C73 substitution in tRNAfmet was reported to have a >50% decrease in Vmax/Km for aminoacylation (35) . Other base substitutions of the discriminator position of tRNAfMet have also been documented to result in a decrease in aminoacylation rate (36, 37) .
Aminoacylation of Sequence-Specific Microhelices and RNA Duplexes. Microhelices that are based on the sequences of the 7-base-pair acceptor stems of tRNAM¢t, elongator microhelixMet, and initiator microhelix fMet (Fig. 1B) were also investigated. Both microhelixMet and microhelixfMet are aminoacylated with methionine (Fig. 3B) . This demonstrates that acceptor stem sequences alone are sufficient to confer aminoacylation and suggests that the artificially placed TTC loop does not sterically interfere with enzyme recognition. It also shows that, as with tRNAMet and tRNAf ¶et, the G1 C72 and C1A72 base combinations at the origin of the acceptor stem are accepted by the enzyme. The insensitivity of the enzyme to the base identity at the 1-72 position of the microhelices is consistent with the observation of Seong and RajBhandary (37, 38) , who demonstrated aminoacylation of three combinations, C-G, U-A, and U-G in tRNAfIet. Fig. 3B also compares the aminoacylated products of methionine-tRNA synthetase when cognate and noncognate microhelices are used as substrates. We estimate that a rate of aminoacylation that is 5% that of microhelixMet would be detected. The gel demonstrates that microhelices that are based on sequences of the acceptor stems of tRNAGIU, tRNAGlY, tRNAHiS, and tRNAPhe are not aminoacylated. There is possibly a slight amount of aminoacylated microhelixAla. (A UV shadow of the gel confirmed that RNA was present in all of the lanes of Fig. 3B) . Previous work has shown that microhelixAla and microhelixHis are both aminoacylated by their cognate aminoacyl-tRNA synthetase (5, 6) .
To further define the minimal structural/sequence requirements for aminoacylation of RNA oligonucleotides with methionine, duplexes formed from complementary single strands whose sequences are based on the acceptor stem alone were tested (Fig. 1B) . The duplexmet, which reconstructs the 12 base pairs of the acceptor-PIC helix of tRNAM"t and the ACCA 3' terminus, but omits the TPC loop of minihelixMet, is aminoacylated with methionine (Fig. 3C) . Removal of 3 base pairs from the end ofthe TPC stem affords duplexi3et, which is also aminoacylated. This directly demonstrates the dispensability of the TIC loop for aminoacylation with methionine. There is negligible aminoacylation with methionine of single-stranded RNA that has the 3' acceptor strand of duplexi~et or of duplexmlet or 2 and 3) , we cannot distinguish between the possibility that these substrates lack positive determinants that are necessary for aminoacylation or, additionally or alternatively, whether one or more of them contains negative elements that block the enzyme from achieving an active Michaelis complex. Our results indicate that the conserved C2-G71, G3'C70, and A73 nucleotides are important. With the exception of duplex"3, all of the substrates that cannot be aminoacylated lack some or all of these nucleotides. Potentially, duplex13 may contain one or more bases that act as a negative determinant for methionine-tRNA synthetase recognition. Transfer of the methionine enzyme CAU anticodon into tRNAIle or tRNAVaJ results in aminoacylation with methionine (8, 9) while, in contrast, the corresponding RNA duplexes that reconstruct the acceptor stems of these tRNAs are not aminoacylated (Fig. 3) . These contrasting results suggest that interaction of methionine-tRNA synthetase with the CAU anticodon in tRNAC5Au or tRNA~Alu is sufficient to overcome whatever deficiencies or blocking elements occur in each acceptor helix. This is perhaps not surprising because these tRNAs have some (tRNAVal) or all (tRNAIIe) of the bases that are conserved between the acceptor stems of tRNAMet and tRNAfmet. Also, the methionine-, isoleucine-, and valine-tRNA synthetases are a closely related subclass of synthetases and are expected to share at least some features in common with respect to RNA recognition (39) (40) (41) .
These results establish a third example in which specific nucleotide sequences proximal to the amino acid attachment site are sufficient to confer aminoacylation. These sequence elements are unrelated to the anticodons of the respective tRNAs and suggest that, for these RNA duplexes, a relationship has evolved between amino acids and nucleotide sequences that is distinct from the simple rules of the classical genetic code. The system of recognition that has been elucidated in these RNA duplex-microhelix systems is a reflection of a highly evolved adaptation of aminoacyl-tRNA synthetases to specific acceptor helix sequences.
